image obtained from a 30-s acquisition during cardiac single photon emission computed tomography (SPECT) with the H/M ratio on a planar image obtained from a 5-min static acquisition.
Of the patients admitted to the Shizuoka General Hospital for suspected ischemic heart disease between January, 1995 and November, 1999, 122 showed acetylcholineinduced coronary spasm in one of the 3 major arteries or major side branches during diagnostic coronary angiography, as well as the characteristic features of (1) sporadic typical chest pain often occurring at rest between midnight and early morning, (2) normal left ventricular function, and (3) no significant stenosis (<50%). Within 3 months of cardiac catheterization, the study patients underwent MIBG and then symptom-limited Tl-SPECT in the same week; 10 patients could not undergo both cardiac imagings were excluded from the study. In addition, we excluded 7 patients who could not continue with the calcium antagonists because of side effects. As a result, 105 patients were evaluated after giving informed consent. The study protocol was approved by the hospital's ethics committee.
Follow-up
The patients were prospectively followed up from January 1995 until January 2002 or death. The median follow-up period was 4.7 years with a range of 1-7 years. All patients took at least one calcium antagonist and isosorbite dinitrate during the follow-up period. Of the 105 patients, 88 were examined by one of the authors every 8 weeks or less and the other 17 patients were seen by referring physicians. No patient was lost to follow-up.
Coronary Angiography
Coronary angiography with the acetylcholine provocation test was performed by the standard Judkins technique. A temporary pacemaker was inserted into the right ventricle, and the pacing rate was set at 40 beats/min before acetylcholine injection. Control coronary arteriograms of the left coronary artery in the right anterior oblique projection and of the right coronary artery in the left anterior oblique projection were obtained. Acetylcholine was injected in incremental doses of 20, 50 and 100 g directly into the left coronary artery and then the right coronary artery through the Judkins catheter after control coronary arteriograms were obtained. The results of coronary angiography after injection of nitroglycerin were classified according to the reporting system of the American Heart Association. Coronary artery spasm induced by acetylcholine was considered present if total or subtotal occlusion (a reduction in luminal diameter greater than 90%) of the involved artery occurred in association with chest pain and ischemic ST-segment changes. Multivessel coronary artery spasm was defined when coronary spasm was induced in more than one of the 3 major coronary arteries.
Tl-SPECT
Exercise Tl-SPECT was performed as described previously. 10 In brief, patients performed a symptom-limited treadmill exercise test after they had discontinued antianginal drugs, except for sublingual nitroglycerin, for at least 1 day before the test. The test followed the Bruce protocol and the patients were tested while fasting. The exercise was continued until progressive chest pain or leg fatigue developed, at which point 111 MBq of thallium-201 chloride was injected and the patient continued to exercise with the same workload for another minute. Within 5 min and again at 4 h after the injection of thallium-201, tomographic images were obtained.
Exercise-induced ischemia was defined as an area greater than 5% of the extent score, which is the area that showed counts below 2 standard deviations of 15 normal subject values on the stress polar map.
MIBG
MIBG imaging was performed between 08.30 and 10.00 h. Patients were instructed to discontinue antianginal drugs, except sublingual nitroglycerin, for at least 1 day before imaging. A dose of 111 MBq of commercially available MIBG was administered intravenously and images were acquired 15 min (initial image) and 3 h (delayed image) later, using a 3-head gamma camera (Toshiba GCA 9300A/HG, Tokyo, Japan) with 120 degrees rotation per head, 30 increments, 30 s/step, and a 128×128 matrix. The data were reconstructed by filtered-back projection (SheppLogan) on a Toshiba GMS 5500A system. Neither scatter correction nor attenuation correction was performed. Quantitative analysis of MIBG uptake and washout rate in the left ventricle was performed as described previously. 19 The H/M ratio on the delayed image was calculated to quantify cardiac MIBG uptake as a fraction of the mean count per pixel in the heart divided by that in the upper mediastinum. We compared the H/M ratio on an anterior image obtained from 30-s acquisition during SPECT with the H/M ratio obtained from 5-min static acquisition in all patients. 19 The myocardial washout rate was defined as the percent change in activity from the initial to the delayed images within the left ventricle and calculated as follows: washout rate (%) = (A-B)/A×100, where A = average count/pixel in the left ventricle on the initial image and B = average decay-corrected count/pixel in the same region on the delayed image. Decay correction assumed that the half-life of the radionuclide (I-123) was 13 h.
We also determined the normal MIBG H/M ratio and washout rate from 86 normal subjects whose ages were similar to those of the present study patients; the values were 1.88±0.16 and 15.50±5.75, respectively.
Cardiac Events
Acute ischemic syndrome and cardiac death were defined as the cardiac events. Sudden death was defined as death within 1 h of collapse, and death associated with acute MI was considered as cardiac death. MI was diagnosed by the development of new Q waves or ST-T wave changes on ECG and/or elevation of cardiac enzymes more than 2-fold higher than the normal upper limits. In addition, unstable angina was also included if the patient had to undergo emergency coronary revascularization because of unresponsivenes to high drug dosages. The outcome events were the total cardiac events, including cardiac death, and nonfatal acute ischemic syndrome.
Statistical Analysis
Values are expressed as means ± SD. Intergroup comparisons were made using Student's t-test for continuous variables and the chi-square test, with Fisher's exact test where appropriate, for discrete variables. The odds ratio and 95% confidence intervals were calculated for clinical and imaging variables that correlated with cardiac events. Univariate clinical and imaging predictors were then entered into the Cox proportional hazards regression model. Each significant predictor was examined graphically for time to a cardiac event using Kaplan-Meier curves, which were compared with the Cox-Mantel test. A multivariate analysis with Cox proportional hazards model was performed to determine whether the variables that significantly correlated with outcome were independent or interdependent. The variables included in the multivariate analysis showed p<0.2 by univariate analysis. Differences with probability values <0.05 were considered statistically significant.
Results

Comparison of the H/M Ratios
We compared the H/M ratio on the planar images obtained by standard MIBG with that obtained from a 30-s acquisition taken during SPECT in 150 patients with VA and found a good correlation: y =0.783x + 0.576; R =0.712. (Table 1) In the present study population there were more male patients with VA than females, but the number of smokers was only 15. Tl-SPECT revealed exercise-induced ischemia in 53 patients. Single-vessel coronary artery spasm was observed in 72 patients (the right coronary artery in 39 patients, the left anterior descending coronary artery in 26 patients, and the circumflex artery in 7 patients). Multivessel coronary spasm was observed in 33 patients (both the right coronary artery and the left anterior descending coronary artery in 16 patients, both the left anterior descending coronary artery and the circumflex artery in 12 patients, and the all 3 major coronary arteries in 5 patients). During the follow-up period (mean, 4.7 years), 1 patient died suddenly and another died of acute MI. Two patients developed nonfatal acute MI and 7 patients underwent emergency coronary angiography because of unstable angina. In these 9 patients, who underwent emergency coronary angiography, acute ischemic syndrome occurred at the same site as the artery spasm that occurred on the diagnostic coronary angiography. Two patients died of noncardiac causes such as cerebral infarction and acute leukemia. In a comparison between patients with and without cardiac events, the MIBG delayed H/M ratio was significantly higher and the washout rate was significantly lower in patients with cardiac events than in those without cardiac events.
Clinical Characteristics of the Patients
Scintigraphic Predictors of Future Cardiac Events
Eight clinical variables, such as coronary risk factors and the number of coronary spasm arteries, and 6 scintigraphic variables, including exercise parameters, were analyzed by univariate Cox proportional hazard regression analysis. Of the clinical variables, the H/M ratio and washout rate of MIBG were significant predictors of future cardiac events ( Table 2) . The MIBG delayed H/M ratio of 2.2 provided the best prognostic information and VA patients with a H/M ratio of more than 2.2 showed a significantly lower event-free survival than those with a ratio of 2.2 or less (Fig 1) . The MIBG washout rate of 4.0 provided the best prognostic information and the event free-survival rate was significantly lower for patients with a washout rate greater than 4.0 (Fig 1) . Using the 6 scintigraphic variables that showed a p-value <0.2, we analyzed the cardiac events by multivariate Cox proportional hazard regression analysis and this demonstrated that MIBG washout was the only significant predictor of future cardiac events in VA with nearly normal coronary arteries (Table 3) .
Discussion
To date, the predictors of poor outcome in VA have come from studies of the long-term prognosis of patients. [1] [2] [3] [4] As a result, recently developed therapies, such calcium antagonists and other drugs, 21 and percutaneous coronary intervention for significant coronary stenosis or drug-resistant spasm, can overcome a poor prognosis for VA. Despite the elimination of these major predictors, there are still some high-risk VA patients who have cardiac events without significant coronary artery stenosis and as shown in the present study, these patients can be identified by MIBG imaging.
Tl-SPECT
Exercise-induced coronary artery spasm has been reported in patients with VA [9] [10] [11] [12] [13] [14] [15] [16] [17] and it can be easily and reliably detected by Tl-SPECT. 10, 11, [15] [16] [17] Furthermore, Tl-SPECT has several advantages over exercise tests because it can detect silent myocardial ischemia, 4 the ischemic region of the spastic coronary artery, and the occurrence of multivessel coronary spasm. 1, 14 However, the prognostic value of exercise-induced coronary artery spasm remains controversial; some have emphasized the prognostic value of exercise-induced coronary spasm in patients who have a profound multivessel perfusion defect, 16 while others suggest that exercise-induced coronary artery spasm indicates high disease activity, and no relation with poor prognosis during calcium antagonist therapy. 9 However, studies of the long-term prognosis for VA have shown that cardiac events often occur during high disease activity. 1, 3 In contrast, we did not find that exercise-induced coronary artery spasm was a significant predictor for future cardiac events. Although we did not analyze the patients with extensive exercise-induced ischemia, who were most likely to have multivessel coronary artery spasm, multivessel coronary artery spasm detected by coronary angiography did not show any prognostic value. Therefore, exercise-induced ischemia caused by coronary artery spasm appears to be a phenomenon that occurs in some VA patients during high disease activity and is irrelevant to future cardiac events.
MIBG
A regional MIBG defect in a patient with coronary artery disease is generally considered to reflect sympathetic denervation or cardiac sympathetic overactivity because of myocardial ischemia. As a regional MIBG defect is also found in VA, some investigators believe that MIBG is useful for detecting VA, although its diagnostic value is controversial. [22] [23] [24] [25] In contrast to regional MIBG defects, the H/M ratio and washout rate of MIBG are generally accepted as reflecting the global cardiac sympathetic nervous system. In heart failure, a reduced H/M ratio, which reflects enhanced cardiac sympathetic activity, is strongly associated with prognosis. 26 With regard to VA, we showed in the present study that the H/M ratio is preserved and although a higher H/M ratio showed a significantly poorer prognosis by univariate analysis it was not a prognostic marker by multivariate analysis. The results showed that the ischemic attacks of VA did not result in a global reduction of MIBG uptake and the effect of ischemic attacks on MIBG uptake, a sign of previous attacks, did not predict future cardiac events. Takano et al suggest that VA has dysfunctional innervation, unrelated to ischemic events, 24 and thus the H/M ratio in VA may not necessarily reflect cardiac sympathetic activity caused by ischemia. On the other hand, recent studies have shown that the MIBG washout rate is a more useful marker of cardiac sympathetic activity than MIBG uptake markers, [27] [28] [29] suggesting that a high washout rate reflects increased cardiac sympathetic activity. We demonstrated that the MIBG washout rate is markedly reduced in VA, suggesting a marked reduction in cardiac sympathetic activity. More interestingly, the reduced washout rate was closely associated with disease activity. 20 Therefore, we consider that a reduced MIBG washout rate has prognostic value in VA.
Autonomic Dysfunction Hypothesis
Autonomic dysfunction underlying the endothelial dysfunction in the coronary artery has been proposed as one of the most important mechanisms of coronary vasospasm. 15, 18, 20, [28] [29] [30] [31] [32] However, whether the sympathetic nervous system or parasympathetic nervous system has the dominant role in coronary vasospasm remains controversial. Sympathetic and parasympathetic imbalance 13 or overstimulation of receptors because of sympathetic overactivity with exercise 18 have been proposed as mechanisms responsible for exercise-induced coronary vasospasm. However, in the present study exercise parameters did not have any prognostic value in VA and that only approximately 50% of patients had exercise-induced ischemia, so the sympathetic nervous contribution to coronary vasospasm seems less likely. In contrast, the role of the parasympathetic nervous system on the induction of coronary artery spasm has been demonstrated. [30] [31] [32] Using MIBG, as the reduced washout rate in VA becomes normal after intravenous atropine injection, 20 it has been suggested that the reduced washout rate reflects suppressed cardiac sympathetic activity caused by enhanced parasympathetic nervous activity. Because ischemic attacks caused by coronary artery spasm occur easily in VA patients with a reduced washout rate, the findings of the present study strongly support the hypothesis that enhanced parasympathetic activity is an important factor to the induction of coronary artery spasm leading to cardiac events.
Study Limitations
First, although we demonstrated that the prognosis of VA without significant coronary stenosis is associated with cardiac sympathetic activity, we could not determine whether acute ischemic syndromes are caused by coronary spasm or plaque rapture. However, as acute ischemic syndrome occurred at the same site as the coronary spasm on diagnostic coronary angiography, it appears that acute ischemic syndrome is caused by increased spasmogenicity. With regard to the value of the H/M ratio obtained by our method, there were several reasons why we used it. First, as shown in the validation study, we obtained a good correlation between the H/M ratios obtained by the ordinary method and by our method. Second, the characteristics of the patients in the present study were similar to those of the validation study. An important factor is that the acquisition time using our method is shorter than with the ordinary method when SPECT images were also acquired. However, the values are less reliable than those obtained by the usual methods.
In conclusion, MIBG can identify high-risk patients among those VA angina patients who have so far been considered as low risk. Our results strongly support the idea that cardiac sympathetic dysfunction contributes to coronary artery spasm leading to cardiac events.
